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SUMMARY 


A method for the experimental determination of the rate 
of infiltration of air into aircraft cabins during flight has 
been developed and tested. This method consists of releasing 
a quantity of gas in the cabin and calculating the infiltra- 
tion rate from the measured rate of change of the gas con- 
centration, The results of the flight tests indicate that 
after the infiltration rate is established at one altitxide 
and airspeed, the infiltration rates at other altitudes and 
airspeeds can be calculated. 


INTRODUCTION 


The Ames Aeronautical Laboratory of the National Advisory 
Committee for Aeronautics has undertaken research for the 
purpose of evaluating factors which affect human comfort in 
airplane cabins. Available literature pertaining to the sub- 
ject of heating, cooling, and ventilation of aircraft cabins 
has been reviewed to determine which factors reauire ex- 
perimental investigation. The results of this review show 
that air infiltration is one of the principal factors causing 
a discrepancy between calculated and actual heating and cool- 
ing loads in unpressurized airplane cabins. It also has been 
observed that no method is currently employed for determining 
the air infiltration rates in aircraft cabins during flight. 

A method for the experimental determination of air infiltra- 
tion rates has accordingly been proposed and has been in- 
vestigated in the present research. 
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SYMBOLS 

The following symbols are used throughout this report: 
e base of natural logarithms, 2.718 . , . 

g acceleration due to gravity, feet per second, second 
I infiltration rate, pounds per hour 

I' infiltration rate, cubic feet per minute 

K pr es sur e— 1 os s coefficient, dimensionless 

M molecular weight, pounds per mol 
n (P g — F a )/q, dimensionless 

P static pressure, pounds per square foot 
AP pressure differential, pounds per square foot 
Q flow rate, cubic feet per minute 

q free-stream dynamic pressure (~p u 2 ^ pounds per square 
foot ' 2 / 

R gas constant, feet per degree Fahrenheit 

T temperature of the air and gas mixture in the cabin, 

degrees Fahrenheit absolute 

t time, minutes 

U free— stream indicated velocity, miles per hour 

u free— stream true velocity, feet per second 

V volume of cabin, cubic feet 

Vj volume of sampling apparatus between cabin and sampling 
burette, cubic feet 

W weight, pounds 

w weight of gas per cubic foot of air entering the cabin, 
pounds per cvibic foot 
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v specific volume of the gas at cabin temperature, cubic 
feet per pound 

A fraction by weight of the test gas in the cabin, dimen— 
s ionless 

A 2 fraction by weight of the test gas in the sampling 
burette, dimensionless 

A' fraction by volume of the test gas in the cabin, dimen— 
s ionl ess 

p mass density of air, 3 lugs per cubic foot 

Subs cr ipt s 
a air in cabin 

g gas in cabin 

M mixture of air and gas leaving the cabin 

m mixture of air and gas entering the sampling apparatus 

0 time equals zero t 

S standard sea— level conditions 

s free stream 

1 condition existing when the infiltration rate was 

measur ed 


ANALYS IS 


The method developed for determining the infiltration 
rate in an airplane cabin consists of releasing a quantity 
of gas in the cabin and calculating the infiltration rate 
from the measured rate of change of the gas concentration. 

The relation of the air infiltration rate to the measured 
rate of change of the concentration of gas in the cabin is 
determined as follows: 

At time t if each cubic foot of air entering the cabin 
contains w pounds of gas and each cubic foot in the cabin 
contains W g /V pounds of gas, the rate at which the gas is 
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entering the cabin is wQj^ and the rate at which it is 
leaving the cabin is WgQjj/V. Thus, the rate of change of 
weight of gas in the cabin is 

d(W g ) »g«M 

"II 

Separating variables and introducing limits yields, for 
equat ion ( 1 ) , 

w g a(Xg) ‘ « M 

S = j - — dt 

w eo t„ v 

Integration of equation (2) gives 

( W g. — V w ) Qm t 

l0?e ( rf go ~ Vw ) v 

It can be assumed that the air is infiltrating into the 
cabin at the same rate that the mixture is leaving, so that. 

By this substitution, and also the substitution 


( 1 ) 


( 2) 


where 






M 


W M 


B M T 


R 


M 


(1 - \ ) R a + \R g 


and 
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eouation (3) becomes 


log e ( A - 


N^fTw \ 

~t~) = l0ge 

P M 


( V g0 - Vw) B f ,T 




ill 

V 


(4) 


During any one test log R 


'( w 


£0. 


Vw) B m T 


V 


is approxi- 


mately constant for small gas percentages and constant oper- 
ating# conditions, and equation (4) can "be assumed to "be linear 


The slope of the curve of log e 


/ Rf.tTvA 

1 a. — ) plotted as a 


P M 7 


function of t is then equal to I * /V . Thus, to obtain the 
infiltration rate I f , the slope of the curve. 


I°£e ( X 


— ~~ 1 as a function of t, is multiplied by the 
P M ' 


/ BmTwn 

cabin volume. The parameter ( — — — ) represents the portion 

A I'M / 


of the gas concentration in the cabin which was initially 
present before the test gas was released. 

The concentration of the gas used in equation (4/ is 
expressed as fraction by weight. In order to change fraction 
by volume, which is usually measured, to fraction by weight, 
the following relationship is employed: 


\ = 




W e M g * X’ a K„ 


(5) 


A graph of the concentration by weight in terms of the con- 
centration by volume for carbon— dioxido gas, which was used 
in checking the method experimentally, is presented in figure 

1. 


When th-o airplane is on the ground and the infiltration 
rate is zero, the volume of the cabin can be determined with 
the same apparatus that is used to measure the infiltration 
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rate. By releasing a known quantity of gas in the cabin and 
measuring the gas concentration which results, the cabin vol- 
ume may be calculated from the following equation: 


Theoretically, the cabin volume can be determined also 
from the data by which the infiltration rate is calculated. 


t, to time equals zero, permits the determination of the gas 
concentration in the cabin Just after the gas was released. 

Then the cabin volume can be calculated, knowing the gas 
concentration at time equals zero and the quantity of gas 
released. The high infiltration rates in cabins during flight, 
however, change conditions rapidly, and it is necessary te 
determine exactly when zero time occurs. In order to do this, 
it is necessary to know the time lag in the sampling method 
and the time required for releasing all the gas in the cabin. 
The difficulty encountered in establishing these time in- 
crements makes determination of the cabin volume by this 
method impractical, especially in view of the simpler method 
presented in the foregoing paragraph. 

It is important that either the composition of the gas 
sample to be analyzed be the same as the composition of the 
gas in the cabin at the same instant of time or that the 
two compositions have a constant ratio throughout the test. 

The difference between the composition of the gas sample and 
the composition of the gas in the cabin at the same instant 
of time is a function of the volume of the sampling apparatus 
between the cabin and the point at which the gas sample is 
drawn into the sampling burette, the volumetric sampling rate, 
and the time interval between the initial release of the test 
gas and the time the sample is taken. The relationship 
between the true cabin concentration and the measured con- 
centration may be expressed by 




Extrapolation of the curve 



as a function of 



1 


( 7 ) 
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Equation (7) was derived in a manner similar to the deri- 
vation of eouation (4), 


When the infiltration rate is established at one altitude 
and airspeed, the infiltration rate for other cond it ions of 
altitude and airspeed may be calculated by the equation de- 
rived in the following paragraphs. 

The static pressure in the airplane cabin will be equal 
to free-stream static pressure or will be equal to free— stream 
static pressure plus or minus a fraction of the free-stream 
dynamic pressure. The assumption is made, based on a limited 
amount of data, that this fraction is constant for various 
airspeeds and altitudes. The cabin pressure can then be 
expressed as 

p a = F s * n d 

where q is equal to the free-stream dynamic pressure. 

The pressure differential causing the air to infiltrate is 
then 

p 

AP - (P g 4* q) — (P s ± nq ) « q( 1 £ n) « — u (l : n) (8) 


The quantity of air flow through an opening in the 
fuselage can bo expressed in terms of a pressure— loss coef- 
ficient and the square root of the air density and pressure 
differential across the opening. For two different conditions 
the eauations are 

I ! = K J AP J pi ( 9 ) 

and 

I = K-/aP p ( 1 0 ) 

Subs t itut ine equation (8) for the two conditions in eauations 
( 9 ) and ( 10 ) , the relationship of the variables 'becomes 
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Indicated velocity is more generally used than true 
velocity; so the following substitutions are made in eauation 
( 11 ): 



u = */ p s u 


Equation ( 1 1 ) then becomes 

^VeT/'e 

It can be seen from equation (12) that, for flight at the 
same altitude (i.e., p is equal to Pi), the equation for 
the infiltration rate at any airspeed, in terms of the air- 
speed at which the infiltration was measured, is 


I = 


It follows that 

I* = 


For flight at constant indicated airspeed, the ex- 
pression for the infiltration rate in pounds per hour at any 
altitude in terms of the altitude at which the infiltration 
was measured, from equation (12), is 


U- 


IS JL 
1 


( 13) 


( 14) 


1 = i i yp/pi ( 15) 

On substituting the expressions 

I x = 60 V ! 
g 

and 

I = 60 - I' 
g 
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into equation ( 15 ) , the expression for the infiltration rate 
in cubic feet per minute at any altitude in terms of the 
altitude at which the infiltration was measured is 


I* = I' i */pi/p ( is) 

The values of Jp/p^ and Jp^Jp for NACA standard 

conditions have been plotted against altitude in figure 2 to 
be used as a multiplying factor (called infiltration factor). 
The value of has been taken as standard sea-level density. 

The infiltration rate at any altitude is then equal to the 
infiltration rate at sea level times the infiltration factor. 

If the infiltration rate in the cabin is measured at an 
altitude other than sea level, the infiltration rate should 
be divided by the infiltration factor to determine the 
infiltration at sea level. Infiltration rates at other 
altitudes then can be determined as previously described. 


DESCRIPTION OF EQUIPMENT 


The method for determining the infiltration rate in 
airplane cabins was tested in a Fairchild F— 24— W40 airplane. 

A photograph of this airplane is shown in figure 3. The 
cabin is fabricated in a manner which prevents any appreciable 
air leakage through the walls, but openings around the door 
frames and windows are large and permit considerable leakage. 
Openings in the floor boards for rudder and stick controls 
also afford passages for infiltrating air. 

In conducting the tests, car bon— dioxide gas was used 
because it was readily available and simple to analyze. An 
ordinary carbon-dioxide fire extinguisher with the nozzle 
removed was the source of the carbon— dioxide gas. In order 
to collect gas samples in the cabin, the following system was 
used. A venturi meter was located on the right-wing strut 
and the low-pressure tap connected to a small plenum chamber. 
The plenum chamber had 12 outlets. Six of the outlets were 
connected to evacuated sampling burettes and the other six 
were connected to rubber sampling tubes, the ends of which 
were located in various parts of the airplane. In flight, 
a portion o± the cabin air was continually flowing from the 
cabin through the sampling tubes and plenum chamber to the 
low-pressure region at the venturi throat. A sample of 
cabin air could be taken at any time by opening a stopcock 
on one of tne sampling burettes, thus allowing the sample to 
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flow from the plenum chamber into the burette. The locations 
of the fire extinguisher and sampling burettes in the cabin 
are shown in figure 4. In figure 5 are shown the plenum 
chamber, the sampling burettes, and the sampling tubes which 
were distributed throughout the cabin. The tube at the bottom 
of the plenum chamber was connected to the low-pressure tap 
of the venturi meter, which is shown in figure 6. The con- 
centration of carbon dioxide in the samples was determined 
with an Orsat gas analyzer. 

During the short interval that the cabin was filled with 
carbon— dioxide gas the pilot and the observer breathed oxygen 
from portable oxygen bottles. 


TESTS 


The infiltration rate in the cabin of the airplane was 
measured in 2000— foot increments up to 10,000 feet pressure 
altitude, and at 70, 80, 100, and 120 miles per hour indicated 
airspeeds . 


Prior 
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the sampling bvirettes v/ere evacuated 
was filled with the quantity of 
d produce the desired concentration 
tration was limited in these tests 
gas analyzer. When conditions of 
d altitude) were set, the observer 
ir oxygen masks and the carbon- 
in the cabin. At 20— second intervals 
topcock on one of the sampling 
in the plenum chamber to fill the 
the stopcock. The samples were 
as analyzer upon completion of the 


The experimental apparatus employed for measuring the 
infiltration rate and the experimental technique that was 
followed resulted from several preliminary flights. 

A flight was made in which the gas samples were taken 
and analyzed directly with the gas analyzer during flight. 

It was found that the samples could not be analyzed in short 
enough intervals to measure the large infiltration rates. In 
the succeeding flights the evacuated sampling burettes were 
us ed . 
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Tests were conducted to determine if releasing the 
car bon— dioxide gas from one nozzle located in approximately 
the center of the cabin was sufficient to give proper 
distribution of the gas. The nozzle ’.vas on a short flexible 
hose ana could be pointed in any direction. Expansion of 
the gas condensed the moisture in the air and a fog formed 
in the cabin. Observance of the fog formation indicated 
that the gas dispersed evenly throughout the cabin almost 
immediately. Analysis of the gas samples which were taken 
at different locations in the cabin showed that the variation 
in carbon— dioxide concentration was not greater than ±15 per- 
cent of the average concentration. In view of the good distrl 
bution indicated by the fog formation, it appeared that this 
difference in concentration was due mostly to infiltration 
drafts in the cabin rather than to insufficient distribution; 
so the single nozzle was used. In larger cabins a manifold 
system for distributing the gas will probably have to be 
employed. 

The difference in the gas concentrat ions throughout the 
cabin, as indicated from the tests described in the foregoing 
paragraph, would not permit the over— all accuracy desired if 
a sample were taken at only one location in the cabin. In 
succeeding flights, to make certain that an average sample 
was obtained, samples were taken from six locations in the 
cabin simultaneously and collected in one sampling biirette as 
described in a preceding section of this report. 


Data obtained while using a hand aspirator as a suction 
source did not plot in a straight line. This indicated that 
the observer was unable to maintain a constant flow rate 
through the aspirator; so the. venturi meter was employed to 
draw the gas samples from the cabin. The sampling rate was 
then dependent upon the speed of the airplane and remained 
constant during any run at constant airspeed. Use of the 
venturi meter also eliminated an operation by the observer. 

The fire ext i ngu isher which was used to release the 
carbon— d ioxide gas originally had an expansion nozzle, but 
this was removed because the carbon dioxide solidified during 
the expansion process and filled the cabin with snow. 

After the nozzle was removed, the only effect of the 
expansion cooling was the condensation of water vapor in the 
cabin. This condensed moisture evaporated rapidly. 
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RESULTS AN D DISCUSSION 


The tests conducted at various altitudes and airspeeds 
produced good results. The concentration of carbon dioxide 
in the cabin prior to the release of the test carbon dioxide 
was measured and found to be negligible. In figure 7 is 
shown a samj>le plot of log e \ as a function of t. These 
data were taken at 6000 feet altitude and 70 miles per hour. 
The infiltration rate measured at various altitudes is plotted 
in figure 8. The solid line drawn on the graph is the theo- 
retical trend curve calculated from equation (16) and drawn 
through one point at 2000 feet altitude. It can be seen 
that the measured values follow the theoretical curve; there- 
fore, it is necessary to measure the infiltration rate at 
only one altitude. The infiltration rates at other altitudes 
can be calculated. The variation of the infiltration rate 
with indicated airspeed is shown in figure 9. The theo- 
retical trend curve calculated from eouation ( 1 4 ) is drawn 
through one experimental point at 70 miles per hour. The 
other points follow this curve; therefore, it is necessary 
to measure the infiltration rate at only one airspeed. 
Calculation of the infiltration rate for airspeeds at which 
the airplane is not in a normal flight position (e.g. t at a 
high angle of attack with the flaps down) will probably 
result in an incorrect value because of the changed air flow 
around the fuselage. 


Determination of the cabin volume from ground— test data 
and the use of equation (6) produced accurate results. There 
is a limitation, however, to the quantity of gas that can be 
released in the cabin, tohen too large a quantity of gas is 
released, the resulting high pressure will force a portion 
of the gas out through the openings in the cabin before the 
concentration can be measured. It has been found that errors 
due to this effect are negligible when quantities of carbon 
dioxide are used which will produce about 5— uercent concen- 
tration in the cabin. 

The ratio of the measured gas concentration to the true 
gas concentration in the cabin is given by equation ( v ) . It 
will be noted that, for values of ~Q m t/V T greater than four, 

the ratio is very close to unity, ^ or all data shown in this 
report, the calculated value of was considerably 

greater than four, so that any error introduced by the differ- 
ence in sampling rates at different airspeeds ( due to the 
ram— actuated venturi) was negligible. 
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Data should not be taken while condensed moisture is 
in the air. Carbon dioxide which is absorbed in the water 
when the concentration is high will separate as time pro- 
gresses and cause the concentration to be greater than it 
actually would be if there were no moisture present. This 


as a function of t curve, thus falsely indicating a low 
ventilation rate. 

The discrepancy in the data taken under the same con- 
ditions of 70 miles per hour and 2000 feet altitude may be 
due to one of two reasons or a combination of both. The 
data were taken several days apart and a change in the air- 
plane might have occurred during that time. The floor 
covering may have shifted or the air ventilators and the 
windows may not have been closed to the same degree of 
tightness. The discrepancy may be due also to error in 
measurement and analysis of the data. If it is assumed 
that all the discrepancy is due to this error, the maxi- 
mum error is 6.5 percent. On the basis of these data, it 
can be concluded that the infiltration rate in airplane 
cabins during flight can be determined by this method with 
an over— all accuracy of at least +10 percent. 


A method for the experimental determination of air- 
infiltration rates in aircraft cabins during flight was 
developed and tested. . The data from these tests indicated 
the following: 

1. The infiltration rate in airplane cabins during 
flight can be determined by the method presented in this 
r eport . 

?. When the infiltration rate has been established for 
one altitude and airspeed, the infiltration rate for any 
other conditions of altitude and airspeed can be calculated. 

Ames Aeronautical Laboratory, 

National Advisory Committee for Aeronautics, 

Hoffett Field, Calif., July 18, 1945. 


effect will decrease the slope of the log e 



CONCLUSIONS 
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Figs. 1,2 



Figure 1.- Fraction of carbon-dioxide gas by weight in terms of the fraction by 
volume. 



Altitude, feet 

Figure 2.- Infiltration factor as a function of altitude, for determination of the 
infiltration rate at any altitude, in either cubic feet per minute or 
pounds per hour, from the infiltration rate at sea level. 




I M 


NACA TN No. 1017 


Figs. 3,4 



Figure 3.- Fairchild F-24-W40 airplane used for infiltration tests. 



Figure 4.- Test airplane cabin showing 
the locations of the gas- 
sampling burettes and the fire extin- 
guisher which was used to release the 
carbon-dioxide gas. 
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Figs. 



Figure 5.- Rack for sampling burettes showing 
plenum chamber with sampling tubes 
that were distributed throughout the cabin. 
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Fig. 7 
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Figs. 8, 9 



Figure 8.~ Variation of the infiltration rate with altitude for a constant indicated 
airspeed. The line drawn on the graph is the theoretical trend curve cal- 
culated from equation (16) using one point at 2000 feet altitude as a basis. 



Figure 9.- Variation of the infiltration rate with indicated airspeed at 2000 feet 
altitude. The line drawn on the graph is the theoretical trend curve 
calculated from equation (14) using one point at 70 miles per hour as a basis. 


